Summary
this, ecological restoration in situ frequently requires the introduction of seeds from other sources (H€ olzel, Buisson & Dutoit 2012) . In this context, the question of seed origin has become the subject of intense debate (McKay et al. 2005; Broadhurst et al. 2008; Sgr o, Lowe & Hoffmann 2011; Breed et al. 2012; Jones 2013a,b) .
One main strategy for the choice of seed material for ecosystem restoration is so-called local provenancing (Hamilton 2001) , that is the use of local or regional seed sources for plant community restoration. It is based on the observation that almost all plants show genetic and phenotypic differentiation among populations and regions of origin (Linhart & Grant 1996; Keller, Kollmann & Edwards 2000; Bossdorf et al. 2005; Jay et al. 2012) , and this often appears to reflect adaptation to local or regional differences in environmental conditions such as soil, climate or biotic interactions (Keller, Kollmann & Edwards 1999) . As a result, local or regional plants and their communities frequently perform better and have a higher fitness when compared to foreign origins (e.g. Joshi et al. 2001; Becker et al. 2008; Rice & Knapp 2008; Raabov a, M€ unzbergov a & Fischer 2011; Weißhuhn et al. 2012) . Local or regional provenancing is supported by many scientists (reviewed e.g. in McKay et al. 2005; Kiehl et al. 2010; Vander Mijnsbrugge, Bischoff & Smith 2010) , and it is increasingly adopted by practitioners.
The local provenancing approach has also been questioned (e.g. Broadhurst et al. 2008; Crowe & Parker 2008; Sgr o, Lowe & Hoffmann 2011; Breed et al. 2012; Jones 2013a,b) . A meta-analysis of local adaptation studies showed that there was evidence of local adaptation in about half of them (Leimu & Fischer 2008) . While some researchers consider this sufficient support for the use of local seeds, others use the same number to question the 'local is best' paradigm (Sgr o, Lowe & Hoffmann 2011) . Another argument against local seed sources is that particularly in fragmented landscapes, local seeds may frequently be inbred and genetically impoverished and may thus not provide sufficient genetic diversity for populations to adapt to climate change (Broadhurst et al. 2008; Crowe & Parker 2008; Havens et al. 2015) .
Throughout this debate about local provenancing, arguments are usually based on plant performance such as growth and fitness of different seed origins when planted in the same environments. However, plants of different origins may also differ in their phenology (Prendeville et al. 2013; Quilot-Turion et al. 2013 ). This will likely influence the interactions of plants with their pollinators and seed herbivores (Elzinga et al. 2007) . The changes in herbivores and pollinators might in turn affect their predators (Benedek et al. 2015) . Using different seed origins may thus have cascading effects on other ecosystem components (Keller, Kollmann & Edwards 1999) .
Ultimately, the question of whether the use of local seed material has positive or negative effects can only be answered empirically, through molecular and quantitative genetic analyses and through experiments that directly compare the performance of different origins in the same test environment. However, so far our knowledge is very limited and much of it comes from experiments with single or few species, which usually differ in design and statistical power and thus cannot be directly compared. For many of the species commonly used in grassland restoration, we have no empirical data at all.
Here, we present the results of a multispecies and multi-site study in which we compared the performance of multiple seed origins of seven plant species frequently used in grassland restoration in four common gardens across Germany. Our study was based on the newly established German system of seed transfer zones, which allows comparison of plants of regional origin with those from foreign origins, and thus to test for regional adaptation. We asked the following questions: (i) How common and how strong is genetic differentiation in growth, fitness and phenology across the studied species? (ii) Do regional seed sources generally outperform foreign ones? (iii) If origins differ in their performance, does performance decrease with increasing geographical or climatic distance of seed origins?
Materials and methods

S E E D M A T E R I A L
In Germany, commercial production of regional wild plant seed material is currently establishing, and 22 seed transfer zones ('Herkunftsregionen'), grouped into eight larger regions, have been delimited based on climate, geology and other criteria (Prasse, Kunzmann & der Schr€ o 2010) . In future, seed transfer should take place only within the 22 smaller transfer zones (ErMiV 2011), but the current practice is that seeds are transferred within the eight larger regions ( Fig. 1 ; see also Durka et al. (2016) for more details). This makes some sense, since the eight regions represent larger biogeographical units and may thus have some important adaptations in common. For instance, although region 1 (Fig. 1 ) is large and specific origins may be several hundred kilometres apart, they are all part of the northern German lowlands with a rather mild and wet oceanic climate. In our study, we mimicked the current restoration practice and worked with the eight regions.
We worked with seven common grassland species frequently used in restoration: Arrhenatherum elatius (L.) P.B. ex J. et C. Presl, Centaurea jacea L., Daucus carota L., Galium album Mill., Hypochaeris radicata L., Knautia arvensis (L.) Coult. and Lychnis flos-cuculi (L.) Greuter & Burdet, all species abbreviated by genus name hereafter. For each species, we obtained seeds from all (or most of) eight geographical regions (Fig. 1) . All seeds were purchased from a certified regional seed producer (Rieger-Hoffmann GmbH; Blaufelden, Germany) in spring 2013. Seeds from certified producers were collected from multiple large (>1000 individuals) wild populations in a given region to ensure genetic variability. The seeds were then farmpropagated for up to five generations and stored under speciesspecific conditions to enhance germination. For further information, see http://www.natur-im-vww.de.
In the summer of 2013, we carried out standardized and synchronized experiments in four common gardens in Germany, each located in a different region and close to one of the four participating research groups (Fig. 1) . The common gardens were 200-550 km apart from each other and differed significantly in climate (Table S1 in Supporting Information). At the end of May, in each garden, we sowed 100 seeds of each of the 52 seed sources (seven species 9 eight seed origins, minus four missing species-origin combinations) into small trays filled with standard peat-based seeding substrate in an unheated glasshouse at each experimental site. When the majority of the seedlings had developed their first true leaves, we planted 12 randomly selected seedlings per species and origin into 2-L (14 9 14 cm upper surface) pots filled with a standard potting soil (Einheitserde Topferde, Patzer GmbH, Sinntal-Jossa, Germany). We kept the plants in the glasshouse for another week and then transferred them to the experimental gardens, where they were arranged in a fully randomized block design with four spatial blocks and three replicates per species and origin in each block. To make the experiment more realistic, we added 0Á3 g grass seeds of a common grassland seed mixture (45% Festuca rubra, 35% Festuca ovina, 10% Poa pratensis, 5% Agrostis capillaris, 5% Lolium perenne) as a matrix of competitors to each pot after 2 weeks. The grasses never dominated the pots, though, and did not exceed 30% cover until the end of the experiment. To avoid droughtrelated mortality, the pots were watered when needed during the hottest summer period. In all gardens, we used the same pot size, the same substrate and the same seed material. The experimental set-up consisted of 624 plants in each common garden and a total of 2496 plants across all four gardens. Some plants died during the experiment, but the mortality rate was low at <5%. Throughout the experiment, we visited the plants three times per week and recorded their dates of first flowering. In early September 2013, we harvested all plants, counted the number of inflorescences produced by each plant (individual flowers for Lychnis), cut the biomass above-ground, dried it at 70°C for 48 h and weighed it.
D A T A A N A L Y S I S
For each plant, we analysed four response variables: total aboveground biomass, the presence or absence of flowers in the first year, the number of inflorescences and the date of first flowering. We used biomass and the number of inflorescences as measures of overall plant performance and fitness, whereas the other two variables described different aspects of plant phenology. For the number of inflorescences, we included only flowering plants, because we were working with perennial plants and only over one growing season. Some plants might simply not flower yet in the first year to accumulate resources (represented by biomass) for flowering in the next year. Assessing performance as the number of inflorescences is thus meaningful only in plants that do already flower, whereas the lack of flowering does not mean low performance.
We asked a sequence of related questions: (i) Do plants from different regions differ in performance or phenology? If yes, do these differences depend on the experimental garden? (ii) For the fitness-related traits, we asked whether plants from the same region as the garden generally performed better than plants from other regions (Kawecki & Ebert 2004) . However, since the eight regions are rather large (Fig. 1) , the actual distances between seed origins and their 'home' gardens within the same region were 7-320 km, so that in some cases the origins of 'foreign' plants were geographically closer than those of plants from the same regions ( Fig. 1) . To account for this, (iii) we asked whether differences in plant performance were continuously related to the geographical Fig. 1 . Map of the main regions of seed production (1-8) for commercial wild plants in Germany, the locations of the four common gardens (□) and all locations (○) where the seeds of the seven study species were originally collected. For each species, the eight locations of seed collection (= one or few neighbouring populations) are listed in the order of the regions (1-8). NA indicates that no seeds were available for a given species-region combination. [Colour figure can be viewed at wileyonlinelibrary.com] or climatic distance between each individual seed collection locality and each experimental garden (Fig. 1) . For the climatic distance, we focused on summer temperatures (June-August), because our experiments took place in summer and because this was the main climatic factor that was not experimentally controlled. To characterize the climates of seed origins, we used the average long-term (50-year) summer temperatures (June-August) for the respective locations provided by the WorldClim data base (Hijmans et al. 2005) , and to characterize the experimental sites, we used the actual summer temperatures from the year 2013 (data from nearest meteorological station, www.dwd.de). Geographical distances (km) and temperature distances (°C) were only weakly correlated with each other (all correlation coefficients, Pearson's r < 0Á2, calculated separately for each species).
We analysed the data with generalized linear mixed-effects models, using the lme4 package in R (R Development Core Team 2009). Corresponding to the three questions above, we fitted the following types of models for each species and response variable: (i) a model that contained region of origin, experimental garden and their interactions as fixed effects and block as a random effect; (ii) a model that tested the effect of regional origin (one ecotype per garden, from the same region where the garden was located) vs. non-regional origin (seven other ecotypes originating from other regions) while correcting for the fixed effect of planting date and the random effects of block, garden and region of origin. This model was performed for the fitness-related variables only; (iii) models testing for the influences of the continuous variables -geographical distance and absolute temperature distancewith the same additional fixed and random effects as in model 2. Total biomass and the time of first flowering were analysed with GLMMs with a normal error distribution, whereas for the number of inflorescences and the presence of flowers (binary variable), we used GLMMs with a Poisson (log-link function) or binomial error distribution (logit-link function), respectively. In the models with Poisson error, we corrected for overdispersion by fitting individual random effects (Bolker et al. 2009 ). For the fitness variables, we also did a cross-species version of model 2 where we combined the data from all species and included species as a random effect, to test whether regional plants generally perform better than foreign ones. We could not do the same cross-species tests for model 3, because the cross-species models did not converge.
To get an idea of the true magnitudes of the effects of regional origin, geographical or climatic distance, we used the parameter estimates from the GLMMs to calculate the absolute differences in biomass, reproduction, flowering probability or flowering time between plants of regional origin and the average of all other origins, or the absolute changes in the response variables per 100 km distance or per 1°C temperature difference. In the linear variables -biomass and onset of flowering -the parameter estimates directly represented these differences, and thus, the estimated effects are absolute and in original units. In the other variables, for the number of inflorescences and probability of flowering that had been analysed with GLMMs with Poisson and binomial error distribution, respectively, the parameter estimates needed to be back-transformed in order to obtain values in the original units, and the effects could only be expressed as multiplicative change.
We calculated credible intervals, a Bayesian analogue of confidence intervals, for these effect sizes based on 10 000 simulations of the mean and variance of each estimate which are probable for given data, using the sim function in the R package arm (for details, see Gelman & Hill (2006) ).
Finally, to describe the magnitude of heritable differentiation in phenotype among origins, we calculated broad-sense P ST values (Leinonen et al. 2006; Kawakami et al. 2011 ) for all response variables as the ratio between the variance explained by origin and the total variance corrected for the effect of garden, that is among-origin variance plus residual variance. As variance estimates, we used the deviance values from the generalized linear models in R. We used P ST as a measure of phenotypic differentiation because it allowed comparison across traits and species.
Results
G E N E T I C D I F F E R E N T I A T I O N W I T H I N S P E C I E S
All of the investigated species showed a significant genetic differentiation in growth and reproduction, as well as in phenology (Table 1 and Table S2 ). We found a significant region-of-origin effect in the number of inflorescences for all species, in biomass for all species except Arrhenatherum and in flowering time for all species except Knautia (here, the effect was only marginally significant). The probability of flowering in the first year was significantly differentiated in five out of the seven species.
There were significant interactions between region of origin and garden in all species for the number of inflorescences, and in five out of seven species for timing of flowering and total biomass (Table 1 and Table S2 ), indicating a variation in the plasticity of these traits. However, there were no such interactions for the probability of flowering (and hardly any garden main effects; Table S2 ), indicating that this trait is generally less plastic than the other traits.
When we quantified phenotypic differentiation through P ST values (Table 2) , we found that the phenotypic differentiation among regions was generally higher in the phenology-related traits (on average, 0Á20 and 0Á17 for probability of flowering and timing of flowering, respectively) than in the fitness-related traits (0Á08 and 0Á11 for biomass and the number of inflorescences, respectively).
The species differed substantially in their degree of phenotypic differentiation. With regard to the fitness traits, the most differentiated species were (in that order) Knautia, Galium, Lychnis and Centaurea, often with more than twofold differences in biomass and the number of inflorescences between different seed origins (Tables S2 and S3) , whereas the other three species were much less differentiated. Phenology traits were strongly differentiated in many of the studied species, particularly in Centaurea, Galium and Lychnis (Tables S2 and S4 ). For example, the probability of flowering varied from 0Á25 to 0Á93 among different Lychnis origins and from 0Á02 to 0Á6 among Knautia origins. Galium and Centaurea plants from different origins differed by up to 23 and 17 days, respectively, in their time of flowering.
In two of the studied species, plants of regional origins generally produced a significantly greater biomass than those of non-regional origin: Galium (average gain of +38Á9% biomass, and Lychnis +15Á9% biomass). In Hypochaeris, the region vs. foreign effect was marginally significant (+12Á3% biomass) (Table 1, Fig. S1a ). Moreover, in two species, plants of regional origins had generally a greater reproductive output: in Centaurea and Lychnis, Table 1 . Genetic differentiation and regional adaptation in (A) fitness-and (B) phenology-related traits of seven common grassland species (ARR, Arrhenatherum elatius; CEN, Centaurea jacea; DAU, Daucus carota; GAL, Galium album; HYP, Hypochaeris radicata; KNA, Knautia arvensis; and LYC, Lychnis flos-cuculi). Cell colours and values indicate the direction and magnitude of effects and a statistical significance of different hypotheses. In fitness-related traits, the last three hypotheses are directional (regionals do better: if true, effect size is positive. Performance decreases with increasing geographical or climatic distance: if true, effect size is negative), and colour indicates whether the results are in the predicted direction (=green) or not (=red), with significant effects in dark and non-significant ones in light colours. In all other tests with non-directional hypotheses, blue indicates a statistical significance. The values in the cells indicate the predicted effect sizes, obtained from back-transformed model coefficients. For biomass and onset of flowering, the numbers represent the absolute differences between regional and non-regional plants, per 100 km distance or per 1C (negative values mean decrease, positive increase). For the other two traits -the number of inflorescences and probability of flowering -the values indicate the multiplicative change for the same comparisons/tests as above (values <1 represent decrease, and values >1 represent increase) Levels of significance are indicated by (*) for P < 0Á1; *P < 0Á05; **P < 0Á01; and ***P < 0Á001. Values in boldface indicate cases where the log-likelihood ratio test for the effect of seed origin was significant (P < 0Á05, for P-values, see Table S2 ).
the number of inflorescences of regional plants was on average 1Á3 times and 1Á4 times higher, respectively, than that of non-regional plants. Taken together, we found evidence for regional adaptation in the fitness-related traits in three out of the seven studied species. There was no evidence in the opposite direction, that is that non-foreign plants would generally outperform regional ones, in any of the species (Table 1A) . Across all species, regional plants produced 7Á5% more biomass (P = 0Á07, credible interval À1Á4 to 16Á1%) and produced 10% more inflorescences (P = 0Á09, 0Á99-1Á24; Fig. 2) .
G E O G R A P H I C A L A N D C L I M A T I C D I S T A N C E
In four out of the seven studied species -Centaurea, Daucus, Galium and Hypochaeris -we found a significant decrease in fitness-related traits (biomass or the number of inflorescences) with increasing geographical distance of origin (Table 1A , Fig. S1b ). The strongest effect was in Galium where biomass decreased by 8Á8% per 100 km, resulting in a 61Á6% decrease over the 700-km range of our study. In Centaurea, the number of inflorescences decreased strongly with increasing geographical distance: 0Á9 times per 100 km, corresponding to a decrease to 0Á48 of the maximum reproduction over the entire range of our study. In addition to these relationships with geographical distance, we also found significant correlations between fitness-related traits and climatic distances of plant origins in three out of the seven studied species. In Centaura, Galium and Lychnis, either biomass or the number of inflorescences significantly decreased with increasing climatic distance (Table 1A , Fig. S1c ).
When we examined the effects of geographical and climatic distance on phenology traits, we found that in three species geographical distance was significantly related to the probability of flowering in the first year, but there was no relationship with the timing of flowering (Table 1B , Fig. S1b ). In contrast to geographical distance, climatic distance was related to the timing of flowering, in three out of the seven species: Galium, Hypochaeris and Lychnis (Table 1B , Fig. S1c ). The strongest effect was in Galium with a 5Á5-day shift of flowering date per 1°C difference between origin and common garden and with a predicted shift of flowering time by 19Á2 days over the entire range of our study.
The degree to which plant fitness or phenology was related to geographical vs. climatic distance was highly species and trait specific (Table 1) . In some species, climatic distance of origin was the stronger predictor of fitness (Centaurea: 58% decrease in biomass over the whole temperature range of 3Á5°C, but only 34% decrease across the geographical range of 700 km). In other species, geographical distance was a better fitness predictor (Galium: 56% biomass decrease over geographical range, but only 31% over temperature range).
Discussion
The local provenancing approach in plant restoration is based on the assumption that plants are generally geographically differentiated and adapted to regional environmental conditions. In a multi-site common garden experiment, we indeed found a substantial genetic differentiation, both in fitness-related traits and in phenology, among different seed origins of most of the studied species. In several of the species, there was evidence of regional adaptation, as plants of regional origins or from geographically closer or climatically more similar origins often performed better than plants from non-regional origins or those from more geographically or climatically distant origins.
G E N E T I C D I F F E R E N T I A T I O N W I T H I N S P E C I E S
In all of the seven studied species, we found a significant genetic differentiation among plant origins in at least two out of the four measured traits. However, the degree of differentiation was species and trait specific. Fitness-related traits appear to be generally less differentiated than phenological traits. This is not surprising since the variation in fitness-related traits is under strong directional selection limiting differentiation among populations (Geber & Griffen 2003; Kingsolver & Diamond 2011) . The only species with a high P ST in fitness-related traits was Knautia, a species that turned out to occur as both diploid and tetraploids in our study . Plants with different ploidy levels are known to show different vigour and fitness (Otto & Whitton 2000) .
The stronger differentiation of phenology-related traits likely reflects plant adaptation to different latitudes, climate and seasonality, or different plant strategies in different environments. It is well known that flowering time is often strongly differentiated along geographical gradients, even within perennial plants (e.g. Montague, Barrett & Eckert 2008; Kawakami et al. 2011) . Moreover, traits related to life span, such as the probability of flowering in the first year, are often also strongly genetically differentiated (VanDijk et al. 1997) . Accumulating further resources through extended growth before flowering may only be adaptive in some environments (Hesse, Rees & M€ uller-Sch€ arer 2008; Chamorro & Sans 2010) . distances of plant origins to their relative fitness or other important traits. Therefore, we also tested for relationships between geographical and climatic distance of plant origin and fitness-related traits and phenology in the common gardens. In most of the seven studied species, we found that either biomass or reproduction decreased with increasing geographical or climatic differences between plant origin and testing site. In many species, we found that phenological differences increased with increasing climatic distance. The further away or the more climatically different the seed origins were, the higher the risk of maladaptation or of mismatch in biotic interactions.
Although both geographical and climatic distances were significantly correlated with fitness-related traits or phenology in several of the studied species, there was no general pattern as to whether climatic or geographical distance generally was a better predictor of plant performance. In previous studies, the geographical distance between plant origin and planting site proved to be a good predictor of plant performance (e.g. Galloway & Fenster 2000; Joshi et al. 2001; Becker et al. 2006 Becker et al. , 2008 , whereas in others it was the climatic difference between origin and planting site (Weißhuhn et al. 2012) , the similarity of habitats (Bischoff et al. 2006) or the general ecological similarity of the two sites (Smith et al. 2009 ). The effects of geographical and climatic distance on plant performance and phenology are thus highly species specific.
Our experiment did not cover the full spectrum of potential climatic effects. First, we watered the plants, so that the main climatic factor that differed and likely determined differential plant success within the growth season was temperature. Secondly, while restoration of grasslands is commonly done via seed sowing, we started our experiments with seedlings. We thus missed seedling establishment as one of the most environmentally sensitive life stages of plants (Gimenez-Benavides, Escudero & Iriondo 2007) . Thirdly, our experiment ran only over one summer, and we thus did not capture winter hardiness and cold resistance of seedlings as one of main adaptations to climatic variability (Lu, Joyce & Sinclair 2003) . All these effects of climate considerably contribute to plant adaptation, and we may thus have even underestimated the true magnitude of regional climate effects and estimates of regional adaptation. With natural differences in rainfall, sowing seeds earlier in the spring directly outside and including overwintering of plants, the differences between regional and non-regional may have been even larger.
Conclusions
The goal of our study was to test the frequency and strength of genetic differentiation and regional adaptation in common grassland species. Populations of the seven studied species showed a strong genetic differentiation across a range of several hundred kilometres. In several of the species, plants of regional origins outperformed nonregional plants, and often, fitness decreased with increasing geographical or climatic distance of origin. This indicates that many plant species are indeed adapted to regional climates and other environmental factors and that the risk of introducing maladapted genotypes will increase with increasing distance of the seed source. Moreover, non-regional plants often differed substantially in their phenology, which suggests that using non-regional seed sources may also have cascading effects on pollinators and other biotic interactions and thus far-reaching ecosystem consequences.
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